INTRODUCTION
Phytoplankton spring blooms typically develop once the mixed layer depth is shallow enough for photosynthetic gains to exceed respiratory losses. As such, phytoplankton biomass accumulation at high latitudes (i.e. > 45°N) in the North Atlantic is initially lightlimited in spring (Townsend et al. 1992) . Ultimately, however, availability of nitrate (NO 3 -), phosphate (PO 4 ABSTRACT: Uptake of inorganic and organic nitrogen (N) by phytoplankton and bacteria was investigated during a mesocosm study conducted in Raunefjord, Norway in April 2005. One mesocosm was fertilized with nitrate and phosphate at a ratio of 16:1 and maintained in the light, while one unamended light mesocosm served as a control. Dissolved nutrients, phytoplankton and bacterial biomass, and phytoplankton community composition were monitored throughout the 26 d experiment. Uptake of 15 N-labeled ammonium and nitrate, and dual-labeled ( 15 N and 13 C) urea and dissolved free amino acids (DFAA) was measured for phytoplankton and bacteria using 2 methods: size fractionation into 0.2-0.8 and > 0.8 μm size classes, and flow cytometric sorting based on chlorophyll autofluorescence. Prior to fertilization, dissolved inorganic N concentrations were low and comprised ~5% of total dissolved N. Added nitrate was completely utilized in the amended mesocosm within 10 d, stimulating a large bloom of colonial Phaeocystis pouchetii. Ammonium contributed over half of total measured N uptake by phytoplankton and bacteria in both enclosures, while nitrate and urea each supplied roughly 10 to 25%. Overall, DFAA were a negligible N source to phytoplankton but contributed 11% to total bacterial N uptake. Bacterial uptake represented a significant portion of total uptake of all N forms, especially urea and DFAA. Comparison of the 2 methods for measuring phytoplankton versus bacterial uptake demonstrates how the use of 0.8 μm filters can lead to significant overestimation of phytoplankton N uptake due to the retention of bacterial biomass.
forming diatoms (e.g. Skeletonema spp. and Chaetoceros spp.) dominate early during the spring bloom and are generally followed by the prymnesiophyte Phaeocystis spp. (Erga & Heimdal 1984 , Lancelot & Mathot 1987 . Although the primary environmental controls on these community dynamics are unclear, some have hypothesized that the typical diatom-Phaeocystis succession of dominance is due to the competitive ability of diatoms to exploit high NO 3 -availability when Si concentrations exceed 2 μmol l -1 (e.g. Egge & Aksnes 1992) . Others, however, have observed concurrent diatom and Phaeocystis blooms in the North Sea and argue that the latter only develop under nutrientreplete conditions once a daily irradiance threshold has been met (e.g. Peperzak et al. 1998) .
These complex bloom dynamics are further complicated by the ambient nutrient regime. Human activities have increased the delivery of nitrogen (N) and phosphorus (P) to coastal waters, but have also caused a decrease in Si loads in many regions (Humborg et al. 2000) , resulting in elevated N:Si ratios. This shift toward Si limitation places diatoms at a competitive disadvantage in favor of non-siliceous phytoplankton (Conley et al. 1993 ). For example, over a 23 yr period in the German Bight, increasing N and decreasing Si concentrations resulted in a four-fold increase in N:Si and a shift from diatom to flagellate (Phaeocystis spp.) dominance (Radach et al. 1990) . Similarly, a relationship between abundance and duration of Phaeocystis blooms and increased nutrient loading has been suggested (Cadée & Hegeman 2002) , but others argue that eutrophication has not been a major cause of long-term variation in Phaeocystis dynamics (e.g. Gieskes et al. 2007) .
Although the physiology and ecology of Phaeocystis have been studied extensively, relatively little is known about how well this alga can adapt to varying nutrient regimes during the bloom period. In late winter, NO 3 -dominates the total dissolved N (TDN) pool in the North Sea region and fuels the spring bloom. Diatoms tend to outcompete other algae for available NO 3 -, and can rapidly deplete the NO 3 -stock in the surface mixed layer. Phaeocystis, on the other hand, appears to benefit from a flexible N uptake strategy. Colonies form under NO 3 --replete conditions, but maintain high biomass into the N-limited early summer (Lancelot 1995) . Ammonium (NH 4 + ) uptake by Phaeocystis-dominated blooms has been shown to increase either as NO 3 -concentrations decrease to low or undetectable levels (Smith 1993 , Rodrigues & Williams 2002 , or as NH 4 + concentrations increase with peak bloom biomass (e.g. Tungaraza et al. 2003) . These results suggest that Phaeocystis is capable of exploiting reduced N forms as they become increasingly available in the late bloom stages; however, few studies have investigated the extent to which dissolved organic N (DON) can support Phaeocystis blooms. A mesocosm study similar to that presented here was conducted in 2003 and included uptake rate measurements for 2 DON substrates (urea and dissolved free amino acids [DFAA] ). After depleting amended NO 3 -stocks, the Phaeocystis-dominated assemblage relied on urea for the majority (up to 80%) of its N demand as ambient concentrations of this reduced form increased (Sanderson et al. 2008) .
Relative to other algae, Phaeocystis competes well for N (Riegman et al. 1992) . The persistence of colonial blooms into the N-limited early summer suggests Phaeocystis either competes well against heterotrophic bacteria for limited dissolved inorganic N (DIN), or relies on alternative organic forms (e.g. urea). In theory, however, the small size and large surface area to volume ratio of heterotrophic bacteria should give them the competitive advantage over Phaeocystis. Indeed, Rodrigues & Williams (2002) attributed up to 68% of total DIN uptake to heterotrophic bacteria during the peak Phaeocystis bloom. Mesocosm experiments in Danish coastal waters have also shown that bacteria can outcompete phytoplankton for available DIN, but required addition of labile organic carbon (C; glucose) to do so (Jacquet et al. 2002 , Joint et al. 2002 .
Studies examining the interaction between phytoplankton and heterotrophic bacteria for shared N resources have suffered from inadequate methodology for quantifying their individual activities (Bronk et al. 2007 , Bradley et al. 2010a . Typically, nutrient uptake by phytoplankton has been measured using glass fiber filters (e.g. Whatman GF/F, nominal pore size of 0.7 μm), which retain nearly all autotrophs but also 29 to 93% of the bacterial community (Lee & Fuhrman 1987 , Gasol & Morán 1999 . This same limitation applies to size fractionation as a means of measuring bacterial contribution to total uptake. Metabolic inhibitors have been used to discriminate between prokaryotic and eukaryotic activity (e.g. Veuger et al. 2004 ), but their lack of effectiveness and specificity limits the value of this approach (Oremland & Capone 1988) . Flow cytometric (FCM) sorting makes it possible to avoid these methodological obstacles by enabling the isolation of planktonic groups based on unique cellular properties, such as chlorophyll autofluorescence in autotrophs (e.g. Lipschultz 1995 , Zubkov & Tarran 2005 .
This study represents part of a larger project designed to examine the relationship between uptake of DIN and DON by phytoplankton and heterotrophic bacteria and the expression of the genes that regulate assimilation of these N sources. Here we describe results from 15 N uptake experiments conducted over the course of a 4 wk mesocosm study in a coastal fjord in western Norway during spring 2005. The goals of this study were to (1) induce a bloom of Phaeocystis pouchetii by addition of NO 3 -and PO 4 3 -, (2) compare uptake of 15 N-labeled DIN and DON substrates by phytoplankton and bacteria prior to and during the bloom, (3) examine dissolved nutrient availability and N uptake results with respect to phytoplankton community composition, and (4) compare traditional filtration with FCM sorting as a means of accurately quantifying phytoplankton N uptake rates. These results are compared with those from a study conducted in early spring 2003 under different initial nutrient conditions and plankton community structure, and without the use of FCM sorting to measure autotrophic N uptake (Sanderson et al. 2008) . ) when measured using a LI-COR 190 quantum sensor and a LI-COR 1400 data logger.
MATERIALS AND METHODS

Mesocosm
The mesocosms were filled in situ on 1 April by pumping unfiltered fjord water from 5 m depth and kept well mixed throughout the experiment using a 40 l min -1 airlift system. To allow for new species to be introduced, avoid large shifts in pH, and compensate for removal of sampled water, 10% of mesocosm volume was renewed daily with fjord water (3 m depth) using a submersible aquarium pump. Additional details about the mesocosm design are provided in Nejstgaard et al. (2006) . One light (N+P) and 1 dark mesocosm were amended with NaNO 3 and KH 2 PO 4 at concentrations of 16 and 1 μmol l -1 , respectively, after initial sampling on 1 April. Nutrients removed by the 10% water renewal were replaced daily in these 2 enclosures by adding NaNO 3 and KH 2 PO 4 at concentrations of 1.6 and 0.1 μmol l -1 , respectively. Two other mesocosms, 1 light (Control, Ctrl) and 1 dark, were not amended and served as controls. Concentrations of chlorophyll a (chl a), NO X -(NO 3 -+ NO 2 -, nitrite), and PO 4 3 -were measured daily in each mesocosm. Other nutrients (see 'Nutrient analysis' below), particulate N (PN) and particulate organic C (POC) concentrations, plankton counts, and uptake rate measurements were assayed every other day in a staggered pattern (light mesocosms: even-numbered days; dark mesocosms: odd-numbered days). Results are reported here for the light mesocosms only.
Biomass and community composition. Chl a concentrations were determined by filtering 20 to 100 ml of sampled water, in triplicate, onto 25 mm, 0.45 μm cellulose-acetate filters (Sartorius), which were then extracted in 90% acetone overnight at 4°C and analyzed on a Turner Design 10-AU fluorometer according to Parsons et al. (1984) . Concentrations of PN and POC were measured on a Europa Geo 20/20 isotope ratio mass spectrometer equipped with an automated nitrogen and carbon analyzer for solids and liquids (ANCA-SL) sample processing unit, from filters used to terminate isotopic tracer experiments (see 'Uptake rate experiments' below). Phytoplankton were identified and enumerated as described in Sazhin et al. (2007) . Briefly, Phaeocystis pouchetii colonies and non-motile cells within colonies were counted using both light and epifluorescence microscopy, and motile P. pouchetii cells and other microplankton were enumerated using epifluorescence microscopy.
Nutrient analyses. Samples for nutrient analyses were filtered through Whatman GF/F filters (precombusted at 450°C for 2 h) and frozen immediately in either sterile polypropylene tubes (NH 4 + and urea) or acid-washed high density polyethylene (HDPE) bottles (all others). All samples were analyzed in triplicate except urea (duplicate). Concentrations of NH 4 + and PO 4 3 -were measured on-site within 5 d of collection and analyzed colorimetrically using the manual phenol hypochlorite technique (Koroleff 1983 ) and the manual PO 4 3 -technique (Valderrama 1995) , respectively. Concentrations of NO 3 -, NO 2 -, and H 2 SiO 3 were measured at the Institute of Marine Research (Bergen) using a Skalar autoanalyzer according to Hagebø & Rey (1984) . Urea concentrations were determined using the manual monoxime method (Price & Harrison 1987) , and DFAA concentrations were analyzed as dissolved primary amines (DPA) according to the o-phthaldialdehyde method (Parsons et al. 1984) . Kirchman et al. (1989) demonstrated that DFAA and DPA are approximately equal when NH 4 + concentrations are low (<1 μmol N l -1 in this case), and thus are hereafter referred to as DFAA. Concentrations of DON were determined as the difference between TDN and DIN, with TDN measured using the persulfate oxidation technique and standard deviations for mean DON values calculated using propagation of error (Bronk et al. 2000) . Dissolved organic C (DOC) was measured on a Shimadzu TOC-5000 using the high-temperature combustion method (Hansell et al. 1997) .
Uptake rate experiments. Net uptake rates of 15 Nlabeled NH 4 + and NO 3 -and dual-labeled ( 15 N, 13 C) urea and DFAA (an algal extract consisting of 16 amino acids; Cambridge Isotope Laboratories) were measured for all 4 mesocosms described above. Eight 1 l polyethylene bottles were filled with water from each mesocosm (4 substrates in duplicate), spiked separately with labeled substrates, and incubated for roughly 3 h at in situ light and temperature conditions in the fjord. Ammonium, urea, and DFAA tracers were added at concentrations of 0.1 μmol N l -1 each, while 15 NO 3 -additions were between 0.4 to 0.8 μmol N l -1 . Incubations were terminated using filters of varying type and pore size to examine different components of the microbial community. An aliquot from each bottle (35 to 200 ml) was initially filtered through a 25 mm, 0.8 μm silver membrane filter; this > 0.8 μm fraction represents the traditional approach to measuring phytoplankton N uptake. The 0.8 μm filtrate was then passed through a 25 mm, 0.2 μm silver filter; this 0.2-0.8 μm fraction represents the bacterial size class. A separate volume of incubated sample (80 to 200 ml) was first screened through 35 μm mesh to remove Phaeocystis pouchetii colonies and other plankton large enough to clog the flow cytometer orifice. Using 0.2 μm-filtered fjord water, the retained cells were then washed from the mesh onto a 25 mm GF/F filter, which was later analyzed to determine N uptake by the > 35 μm fraction. The < 35 μm filtrate was concentrated over a 47 mm, 0.2 μm Supor filter to a volume of 5 to 13 ml, which was preserved with paraformaldehyde at a final concentration of 2% and frozen in liquid N for FCM sorting. This concentration technique was analyzed in a relatively turbid Chesapeake Bay tributary to determine how much phytoplankton biomass is lost (i.e. adsorbed) to the Supor filter. In the samples concentrated from 100-200 to 10 ml, chl a averaged 95 ± 3% of whole-water (unconcentrated) chl a values, whereas the Supor filter retained 3 ± 1% of chl a, on average (Bradley et al. 2010a) .
All GF/F and silver filters were kept frozen at -20°C until 1 d prior to analysis, then thawed and dried at 40°C overnight. A Europa GEO 20/20 isotope ratio mass spectrometer with an in-line ANCA-SL was used to determine PN and POC concentrations as well as 15 N and 13 C isotopic enrichments from each sample. Both specific (V, h ) N uptake rates were calculated using the following equations of Dugdale & Goering (1967) :
where PN 15 N XS is the 'excess' isotopic enrichment (i.e. when corrected for 15 N natural abundance), Sub 15 N XS is the corrected enrichment of the substrate pool, time is the length (h) of the incubation, and [PN] is the concentration of PN in the sample at the end of the incubation. Carbon uptake rates were calculated similarly using POC 13 C XS , Sub 13 C XS , and [POC] . In contrast to absolute uptake rates, specific rates describe the physiological ability of cells to assimilate N and are not influenced by biomass (Dugdale & Wilkerson 1986 ). As such, specific uptake rates are analogous to growth rates in terms of N; they are therefore valuable in comparing how different plankton fractions use a particular N substrate, and can also be used to examine whether N fertilization affects the ability of phytoplankton and bacteria to utilize N.
To measure NH 4 + regeneration rates and correct NH 4 + uptake rates for isotope dilution, the NH 4 + pool following incubation with 15 NH 4 + was isolated using reverse-phase solid-phase extraction columns (Supelco Supelclean LC-18), and the product was analyzed for isotopic enrichment (Selmer & Sörensson 1986 , Brzezinski 1987 . Regeneration rates were calculated using the Blackburn-Caperon linear differential equation model, and an exponential average for the isotopic enrichment of the NH 4 + substrate pool was calculated and used in place of Sub 15 N XS in Eq.
(1) to correct for isotope dilution (Glibert et al. 1982) .
The percent of bacterial biomass retained on 0.8 μm silver filters was estimated for both mesocosms to determine the phytoplankton-only (Phyto) PN. Bacterial abundance measured during this study (M. E. Frischer et al. unpubl. data) was converted to total bacterial biomass using a cellular N content of 12 fg N cell -1 , which was determined by Vrede et al. (2002) using bacterial isolates from Raunefjord. Bacterial biomass retained by 0.8 μm filters was calculated as the difference between total bacterial biomass and 0.2 to 0.8 μm PN. On average, 24 ± 14 and 58 ± 21% of total bacterial biomass was retained on 0.8 μm filters in the Ctrl and N+P, respectively. Therefore, Phyto PN was estimated from the > 0.8 μm and 0.2-0.8 μm PN using bacterial retention values of 25 and 50% for the Ctrl and N+P, respectively. Higher bacterial retention in the amended mesocosm was likely due to enhanced clogging of the 0.8 μm filters by Phaeocystis pouchetii colonies. Furthermore, these percentages represent conservative estimates of bacterial retention based on the lower conversion factor of 12 fg N cell -1 (for C-or Plimited cells) rather than 35 fg N cell -1 for bacteria in exponential growth (Vrede et al. 2002) .
FCM sorting of autotrophs. Concentrated samples were kept frozen at -80°C and thawed at room temperature prior to sorting on a Beckman-Coulter Epics Altra flow cytometer located at the Virginia Institute of Marine
Science and equipped with an argon ion laser operating at 488 nm and 250 mW. Phytoplankton cells were discriminated based on chlorophyll autofluorescence using a 675 nm optical filter and sorted at rates ranging from 300 to 1200 cells s -1
. The threshold on this trigger signal was adjusted between 100 and 140 V to remove background noise, and autotrophs were then gated from nonfluorescent detritus, bacteria, and other particles. The waste stream was periodically collected and analyzed using epifluorescence microscopy to verify sorting accuracy. The purity of the sorted samples was assessed using bacterial enumeration by flow cytometry and acridine orange direct counts (Sherr et al. 2001 ); on average, 94 ± 2% of bacteria were removed during sorting. Based on bacterial abundance from both mesocosms and a N content of 12 fg N cell -1 (Vrede et al. 2002) , bacterial biomass contributed ~ 4% of Phyto PN in the final sorted sample. Sorted phytoplankton cells were then filtered onto 25 mm GF/F filters. Since GF/F filters retain roughly half the bacterial community, bacterial contribution to Phyto uptake measured in FCM-sorted samples is considered negligible. The filters were stored at -20°C until analysis on the mass spectrometer as described above (see 'Uptake rate experiments'). A small amount of carrier (1 μg N from (NH 4 + ) 2 SO 4, and 8 μg C from sucrose) was added to each pelletized sample to produce total N masses sufficiently above the Europa's detection limit (~1 μg N) for reliable 15 N atom percent enrichment values. A mathematical carrier correction was performed when calculating the final 15 N isotopic enrichment. Potential negative effects of the sorting method on 15 N tracer retention have been examined previously and are described in depth elsewhere (Bradley et al. 2010a) . Briefly, uptake rates measured from FCMsorted phytoplankton were compared with those from filters exposed to boiling water to examine whether preserving, freezing, and sorting cells causes phytoplankton to lose N taken up but not yet assimilated. Significantly lower uptake rates in the boiled versus FCM-sorted samples confirmed that the integrity of sorted phytoplankton cells was minimally compromised, if at all, by our methodology. This conclusion agrees with previous research demonstrating that phytoplankton cellular integrity remains intact (i.e. no radioisotope was lost) in samples sorted following primary production incubations (Rivkin et al. 1986 ).
Statistical analyses. The significance of apparent differences in mean uptake rates between either plankton fractions or mesocosms was assessed using Student's t-tests. Potential relationships between measured variables (e.g. uptake rates and ambient concentrations) were evaluated for significance using Pearson's Correlation. Results of these statistical analyses are reported as p values and r 2 correlation coefficients, where appropriate.
RESULTS
Biomass and community composition
A large phytoplankton bloom developed in the amended mesocosm (N+P), whereas phytoplankton biomass decreased in the unamended mesocosm (Ctrl) over the course of the experiment. Concentrations of chl a in N+P increased to a maximum of 32.3 μg l -1 on Day 13, then decreased rapidly over the final 2 wk (Fig. 1A) . In the Ctrl, chl a increased only slightly before declining gradually.
Trends in phytoplankton (Phyto; see 'Materials and methods') PN concentrations resembled those of chl a in that PN increased in the N+P over the first 2 wk and decreased in the Ctrl (Fig. 1B) . Unlike chl a, however, Phyto PN remained relatively high in the N+P over the last 2 wk, which was likely due to inclusion of detrital PN. Phyto PN concentrations represented 86% of the > 0.8 μm PN in both mesocosms. The > 35 μm PN, which consisted of Phaeocystis pouchetii colonies, peaked at 9.5 μmol N l -1 in N+P, the only mesocosm with a colonial bloom (data not shown). The ratio of Phyto PN:chl a averaged 1.9 ± 0.6 and 1.4 ± 0.6 in the Ctrl and N+P, respectively (data not shown). Particulate N concentrations in the 0.2-0.8 μm fraction were adjusted for the percent of bacterial biomass retained on 0.8 μm filters (25 and 50% for the Ctrl and N+P, respectively; see 'Materials and methods'). Total bacterial (Bact) PN varied little in Ctrl (mean: 1.3 ± 0.2 μmol N l -1 ), but nearly doubled over the first 10 d in N+P (Fig. 1B) .
The phytoplankton community in the Ctrl was initially dominated by solitary Phaeocystis pouchetii cells, which then gave way to other small phototrophic flagellates as well as Cyanobacteria after about 10 d (Fig. 2A) . Diatom abundance in the Ctrl remained at relatively low levels. In the N+P, P. pouchetii dominated throughout the study and shifted from solitary motile cells during the first 10 d to colonial cells thereafter (Fig. 2B) . Diatom abundance in the N+P was greatest during the first week, whereas cell numbers of other autotrophs (mainly flagellates) generally increased during the study. Based on microscope counts, the abundance of heterotrophic ciliates and flagellates was noticeably higher in the N+P relative to the Ctrl.
Nutrients
Concentrations of TDN were 5 to 6 μmol N l -1 in the Ctrl (Fig. 3A) . In the N+P, TDN decreased from 22 to 6 μmol N l -1 within 9 d of fertilization (Fig. 3C) . The plankton community in both mesocosms quickly removed any available NO 3 -. Nitrate concentrations were consistently low (≤0.2 μmol N l -1 ) in the Ctrl and decreased in the N+P from 16.2 to 0.01 μmol N l -1 by Day 10 (Fig. 3A,C) . In both mesocosms, NO 2 -concentrations varied little and were ≤0.1 μmol N l -1 , while NH 4 + concentrations were ≤0.9 μmol N l -1 and highest during the final 2 wk of the study (Fig. 3B,D) . Excluding the first week in the N+P, when NO X -comprised up to 73% of TDN, DIN accounted for 7 ± 4% of TDN in both mesocosms (Table 1) .
Differences in DON concentrations between the 2 mesocosms were relatively small (Fig. 3A,C) , although the mean concentration in the N+P (5.9 ± 0.5 μmol N l , decreasing slightly in the Ctrl and increasing slightly in the N+P over the course of the experiment (Fig. 3B,D) . Concentrations of DFAA were < 0.7 μmol N l -1 in both mesocosms, but varied considerably. On average, urea and DFAA together comprised 11% of DON in both mesocosms (Table 1) . Concentrations of DOC were fairly constant between 85 to 100 μmol C l -1 in the Ctrl, but increased in the N+P to a maximum of 251.3 μmol C l -1 (Fig. 4A) . Consequently, ratios of DOC:DON were ~15 to 20 in the Ctrl and increased from 16 to 37 in N+P (data not shown).
Phosphate concentrations were ≤0.1 μmol N l -1 in the Ctrl, and amended PO 4 3-was consumed quickly, but not completely, in the N+P (Fig. 4B) . The mean ratio of N:P (DIN:PO 4 3-) in the Ctrl, excluding an outlier on Day 12, was 8.4 ± 6.0. The ratio of the N:P in the N+P, which was 6.9 before amendment, decreased from 14.0 on Day 2 to 0.6 on Day 10, then increased to 3.2 before dropping again to 0.7 on the last day. The overall mean N:P ratio in the N+P was 5.7 ± 5.2.
Initial Si concentrations were ~1 μmol l -1 in both mesocosms (Fig. 4B) . In N+P, Si decreased to a minimum of 0.4 μmol l -1 over the first 10 d, and then increased with the Phaeocystis pouchetii bloom to 1.6 μmol l -1 . On average, Si was significantly higher in the N+P versus the Ctrl (p < 0.01). The ratio of DIN:Si was always ≤1.0 in Ctrl; addition of NO 3 -to the N+P increased DIN:Si to 16.5, but this decreased to 0.4 by Day 10 and remained at < 0.7 thereafter.
Specific nitrogen uptake
Specific uptake rates are presented here for the > 35 μm (i.e. Phaeocystis pouchetii colonies), FCM Fig. 5A,C) . In fact, bacterial urea uptake was relatively high over the final 2 wk of the study. In contrast, NO 3 -uptake by the FCM fraction was twice that of the 0.2-0.8 μm fraction (p = 0.051), although uptake by these 2 converged over time (Fig. 5B) . Specific DFAA uptake by the 0.2-0.8 μm fraction in the Ctrl was significantly higher than by the FCM fraction throughout the study (p < 0.0001; Fig. 5D ).
It is important to note that specific uptake rates in the > 35 μm fraction were negligible in the Ctrl due to the absence of colonial Phaeocystis pouchetii. Similarly, N uptake by the > 35 μm fraction in the N+P was low during the week preceding the colonial bloom ( Fig. 5E-H) . Specific uptake of NO 3 -and urea by the FCM fraction in the N+P declined after 1 wk as P. pouchetii was increasingly retained by the 35 μm mesh (Fig. 5F-G) . However, uptake of NH 4 + and DFAA by the FCM fraction was not similarly affected by the removal of P. pouchetii colonies to the > 35 μm fraction (Fig. 5E,H) . In the N+P, specific uptake rates of NH 4 + , NO 3 -, and urea were about equal between the FCM and 0.2-0.8 μm fractions. After bloom initiation (~Day 8), N uptake by the > 35 μm fraction was significantly higher than that of the bacterial size class for NH 4 + (p < 0.05), NO 3 -(p < 0.001), and urea (p < 0.0001). In contrast, DFAA uptake rates were higher in the 0.2-0.8 μm fraction than the FCM (p < 0.01) or > 35 μm (p < 0.05) fractions, despite a six-fold increase in the latter over the final week of the study (Fig. 5H) . Overall, specific uptake rates were similar in magnitude between mesocosms (Fig. 5) , although amending N+P resulted in significantly higher NO 3 -uptake by the > 0.8 μm fraction (p < 0.05; data not shown) and lower urea uptake (p < 0.05) by the 0.2-0.8 μm fraction, relative to the Ctrl. In the N+P there was also a strong correlation between NH 4 + concentrations and specific NH 4 + uptake by the > 35 μm (p < 0.0001, r 2 = 0.87) and FCM (p < 0.0001, r 2 = 0.86) fractions.
Absolute nitrogen uptake
In contrast with specific uptake, absolute uptake rates in the > 35 μm and FCM (< 35 μm) fractions were combined to compare N uptake by all autotrophs (Phyto) with that of the mixed assemblage retained on 0.8 μm filters (Table 2 ) and that of bacteria (Fig. 6, Table 3 ). Nitrogen uptake by the > 0.8 μm fraction, as with uptake measured using GF/F filters, is typically attributed to phytoplankton despite a presumed, but largely unknown, influence of bacteria. Although absolute uptake rate profiles were generally similar for these 2 fractions (data not shown), uptake by the > 0.8 μm fraction was 2-to 5-fold higher in the Ctrl and up to 2-fold higher in the N+P, than in the respective Phyto fractions (Table 2) .
Absolute uptake rates were also calculated for the total bacterial community (Bact) to account for N uptake by bacteria retained on 0.8 μm filters. These rates were derived using specific uptake rates in the 0.2-0.8 μm fraction, assuming they equal those of bacteria retained on 0.8 μm filters, and total bacterial PN, which was calculated from the 0.2-0.8 μm PN and bacterial retention on 0.8 μm filters (see 'Materials and methods'). In the Ctrl, Phyto uptake of NH 4 + , NO 3 -, and urea generally exceeded that of Bact over the first 10 d; thereafter, Bact uptake either equaled (NH 4 + and NO 3 -) or exceeded (urea and DFAA) that of the Phyto fraction ( Fig. 6A-D) . Due to the higher phytoplankton biomass in N+P, absolute N uptake by Phyto dominated that of Bact for all substrates except DFAA. Uptake of DFAA by the Phyto fraction in N+P increased exponentially during the last 2 wk, while rates in the Bact fraction generally decreased.
Although specific uptake rates were relatively similar between mesocosms, absolute N uptake by the Phyto fraction was, on average, 10-to 20-fold higher in the amended mesocosm, primarily as a result of greater biomass (Fig. 6E-H) . In contrast, absolute N uptake by Bact was approximately equal between mesocosms for NH 4 + (p = 0.211) and urea (p = 0.936), but significantly higher in N+P for NO 3 -and DFAA (p < 0.05 for both).
Overall, NH 4 + was the most important substrate to phytoplankton in the light mesocosms, contributing > 60% of total N uptake by the Phyto fraction (Fig. 7,  Table 3 ). Nitrate and urea contributed about equally to total N uptake in both enclosures, and DFAA were not a significant N source for phytoplankton. The contribution of NO 3 -to total N uptake by the Phyto fraction was negatively correlated with experiment day in both mesocosms (Ctrl: p < 0.05, r 2 = 0.48; N+P: p < 0.01, r 2 = 0.69). In contrast, NH 4 + comprised more of total uptake over time (Ctrl: p < 0.05, r 2 = 0.57; N+P: p < 0.05, r 2 = 0.48). Bacteria also utilized more NH 4 + than any other substrate in both mesocosms (Fig. 7, Table 3 ). The 0.2-0.8 μm fraction in the N+P relied slightly more on NO 3 -and slightly less on urea than in the Ctrl, but urea was the second most important N substrate (of those studied) to bacteria in both mesocosms. Compared to the Phyto fraction, Bact relied more on urea and DFAA, although the difference was significant for the latter only (Ctrl: p < 0.05; N+P: p < 0.001).
Ammonium regeneration rates in both mesocosms increased to a peak on Days 18 to 20, and were significantly higher in the N+P (p < 0.05; Fig. 8 
DISCUSSION
The ability of Phaeocystis spp. to maintain bloom density under varying nutrient regimes suggests that this alga may compete well against other phytoplankton, and potentially bacteria, for available N under both N-replete and N-limited conditions. We examined this phenomenon in mid-spring 2005 by inducing a bloom dominated by P. pouchetii using nutrientmanipulated mesocosms. Although the bloom only occurred when NO 3 -and PO 4 3 -were added, NO 3 -dominated total N uptake on only 1 of 11 sampling days (Day 6). Overall, NO 3 -comprised as much of Phyto N use as did urea (~20%). Of the 4 substrates investigated in the present study, NH 4 + supplied the majority of N to Phyto and Bact (up to 88 and 85%, respectively) in both mesocosms.
Based on initial DIN:PO 4 3 -ratios of ~7, phytoplankton in Raunefjord were apparently N-rather than Plimited prior to the start of this experiment. Relative to the Ctrl, fertilization resulted in significantly higher specific uptake of NO 3 -only, whereas an increase in the specific uptake of all N forms would have been expected if P-limitation was relieved by fertilization. Although phytoplankton were apparently N-limited before amendment, rapid removal of added PO 4 3 -highlights the importance of this nutrient to the Phaeocystis pouchetii bloom in N+P.
A similar study was conducted at the same location in 2003 (Nejstgaard et al. 2006 , Sanderson et al. 2008 .
Although nutrient amendment resulted in Phaeocystis pouchetii blooms in both studies, the uptake rate results were distinct. The most substantial difference between these 2 studies is that the 2003 experiment began on 28 February (vs. 1 April here), and therefore captured different ecosystem dynamics. In 2003, Si and NO 3 -were still relatively abundant on Day 1 of the experiment, and the typical diatom-Phaeocystis succession was observed. Depletion of Si and NO 3 -, which are crucial to diatom dominance, in the fjord prior to initiating the present study probably explains the absence of a diatom bloom in any of the mesocosms. Sanderson et al. (2008) reported that urea dominated uptake by the > 0.8 μm fraction during the induced Phaeocystis pouchetii bloom, likely a result of increased urea availability following the decline of the early diatom and flagellate bloom. In 2005, however, NH 4 + was the dominant N form used during the P. pouchetii bloom, perhaps also due to increased supply by regeneration. The increase in urea concentrations in 2003, but not in 2005, may have resulted from excretion by grazers feeding on diatoms and flagellates, which were relatively more abundant in the former study (Sanderson et al. 2008) . In contrast, regeneration of NH 4 + during the 2005 bloom suggests that energy was transferred indirectly through the microbial loop rather than directly to zooplankton. Together, results from these 2 studies demonstrate that although NO 3 -is key to initiating Phaeocystis blooms, reduced N forms play an important role in sustaining the bloom once NO 3 -has been depleted. They also illustrate the versatility of Phaeocystis with respect to its ability to exploit various N sources as they become available.
Phytoplankton nitrogen nutrition: ammonium versus nitrate
Dominance of NH 4 + uptake, even after addition of NO 3 -, was unexpected based on results from the 2003 study, in which urea replaced NO 3 -as the dominant N form used during an induced Phaeocystis pouchetii bloom (Sanderson et al. 2008) . However, the importance of NH 4 + over other N forms has been reported elsewhere. For example, in a mesocosm study conducted in Danish coastal waters during late spring, Joint et al. (2002) (Dortch 1990 , Cochlan & Bronk 2003 . However, this was clearly not the case in the N+P, where added NO 3 -was quickly removed, and there was no significant relationship between specific NO 3 -uptake rates and ambient NH 4 + concentrations in the Ctrl (p = 0.065, r 2 = 0.33). Therefore, autotrophic preference for NH 4 + , rather than inhibition of NO 3 -use, seems likely.
Results from the Ctrl resembled ecosystem dynamics that might be expected for North Sea coastal waters in late spring, with a decreasing importance of NO 3 -to phytoplankton N nutrition concurrent with decreasing biomass and an increased dependence on NH 4 + . From a broader perspective, these results mimic the transition that characterizes most temperate marine ecosystems: a shift from new production (and diatom dominance) in spring to regenerated production (flagellates and Cyanobacteria) in summer.
Based on relationships between NH 4 + uptake, availability, and remineralization, N supply and demand processes appear to have been closely coupled in the nutrient-amended mesocosm. Elevated NH 4 + regeneration rates in this enclosure may have been due to bacterial remineralization of algal-exuded DON, sloppy feeding and excretion by grazers, or viral lysis. Grazermediated processes tend to be the dominant source of regenerated NH 4 + in marine ecosystems (Bronk & Steinberg 2008) . However, given the lack of DON accumulation with bloom decay in the N+P, as well as the predator defense mechanisms of colonial Phaeocystis pouchetii, such as its large size and general unpalatability , bacterial NH 4 + remineralization may have been high. The profile of specific NH 4 + uptake by the 0.2-0.8 μm fraction resembled that of the FCM and > 35 μm fractions, which indicates that bacteria were also using regenerated NH 4 + . It is possible that one component of the bacterial community was remineralizing labile DON while another assemblage was complementing degradation of C-rich P. pouchetii exudates (e.g. mucopolysaccharides) with NH 4 + uptake.
Phytoplankton versus bacterial nitrogen use
Although the environmental factors that stimulate Phaeocystis spp. colony formation remain uncertain, it has been suggested that this process may be a strategic response to low nutrient availability that gives colonies a competitive advantage over other algae (Lancelot 1995) . The dominance of P. pouchetii in the bloom described here demonstrates its competitive ability to exploit both high N (e.g. added NO 3 -) and low N (e.g. after Day 10) conditions. The respective roles that P. pouchetii colonies versus solitary flagellate cells played in this outcome, however, are unclear. Relatively high specific NH 4 + uptake by the FCM fraction in the N+P versus the sharp decline in FCM NO 3 -uptake rates during colony formation suggest that colonies relied more on NO 3 -, whereas NH 4 + was more important to solitary cells (and other phytoplankton). Furthermore, the fact that specific NH 4 + uptake rates of the FCM and > 35 μm fractions were equal to or greater than those of the 0.2-0.8 μm fraction in both mesocosms suggests that Phaeocystis pouchetii can compete well against heterotrophic bacteria for available NH 4 + . Differences in N use by phytoplankton and bacteria are best demonstrated using absolute uptake rates calculated for the Phyto and Bact fractions (Fig. 6) , which account for the bacterial biomass and activity captured on 0.8 μm filters. Absolute uptake rates estimated for Bact were ~40% higher than in the 0.2-0.8 μm fraction in the Ctrl and 90% higher in the N+P. In the Ctrl, nutrient availability was limited and phytoplankton were initially better able to use available N than bacteria (except for DFAA). About halfway through the experiment, however, phytoplankton could no longer outcompete bacteria for available DIN, and bacterial uptake of urea and DFAA exceeded that of phytoplankton. Differences between phytoplankton and bacterial uptake of NH 4 + , NO 3 -, and urea in N+P indicate that phytoplankton, especially Phaeocystis pouchetii, can exploit new N sources to form large blooms, but can also persist on regenerated N once NO 3 -has been exhausted. The results from the N+P further suggest that the availability of bloom-derived organic N may have relieved bacteria from the need to compete with phytoplankton for limited N resources.
Bacterial uptake comprised a substantial portion of total uptake of all N forms in the Ctrl (Table 3) . Urea is typically disregarded as an important N source to bacteria (Kirchman 2000) , although several studies have found otherwise (Jørgensen 2006 , Sanderson et al. 2008 , Bradley et al. 2010b ). In the present study, bacterial uptake represented ~50% of total urea uptake in the Ctrl. Lower bacterial contribution to total uptake in N+P was primarily a result of high phytoplankton biomass, since specific uptake rates in the 0.2-0.8 μm fraction were relatively high (Fig. 5) . Overall, bacteria relied more on DFAA and less on NO 3 -when compared to phytoplankton, which is not surprising given that bacteria tend to prefer DFAA over NO 3 -in marine environments (Kirchman 2000) and Phaeocystis competes well for NO 3 -under N-limited conditions (Riegman et al. 1992 ). However, a rapid increase in DFAA uptake by the > 35 μm fraction was measured in the N+P during the last week of the experiment (Fig. 5H) .
Although prymnesiophytes, such as Phaeocystis, are known to use DFAA via extracellular enzymatic processes (e.g. Palenik & Morel 1990 , Berman & Bronk 2003 , the increase in DFAA uptake may also be due to the elevated activity of heterotrophic bacteria attached to senescent P. pouchetii colonies.
Size-fractionated versus FCM-sorted nitrogen uptake
To date, studies of phytoplankton N use have typically relied on filtration as a means of distinguishing autotrophic from heterotrophic activity, despite the size overlap between these groups and clogging effects on filters. These drawbacks have been demonstrated (Lee & Fuhrman 1987 , Gasol & Morán 1999 but are often overlooked, and uptake rates measured on GF/F filters (nominal pore size of 0.7 μm) are generally attributed to phytoplankton. In the present study, FCM sorting was used not only to measure phytoplankton uptake without the confounding effect of bacteria, but also to examine how traditional filtration can lead to overestimation of phytoplankton N uptake.
Differences between absolute uptake rates in the > 0.8 μm and Phyto (FCM + > 35 μm) fractions were hypothesized to be greatest in the N+P as a result of high biomass and increased clogging effects on 0.8 μm filters. However, absolute uptake rates in the > 0.8 μm and Phyto fractions were not statistically different in the amended mesocosm, although these results are somewhat complicated by the fact that the > 35 μm fraction represented over half the Phyto biomass, which is uncommon for most systems. In the Ctrl, on the other hand, uptake rates in the > 0.8 μm fraction significantly exceeded those of the Phyto fraction for all substrates but NO 3 - (Table 2 ). There are 2, nonmutually exclusive ways in which bacterial retention on 0.8 μm silver filters could have caused overestimation of absolute phytoplankton N uptake rates: (1) if bacteria were relatively more enriched in 15 N than phytoplankton (i.e. used more substrate), and (2) overestimating phytoplankton PN due to retention of bacterial biomass. Evidence for the former should appear in the specific uptake rates. The only substrate for which > 0.8 μm fraction specific rates significantly exceeded those of the FCM fraction was DFAA (p < 0.05), which is not surprising given bacterial affinity for this labile organic substrate. Nonetheless, this suggests that the contribution of bacterial biomass to > 0.8 μm PN was the primary cause of higher uptake rates in this fraction relative to the FCM fraction in the Ctrl. These results indicate that the use of 0.8 μm filters (and presumably GF/F filters) may result in significant overestimation of phytoplankton N uptake.
CONCLUSION
Addition of NO 3
-and PO 4 3 -to N+P resulted in a large bloom of Phaeocystis pouchetii, whereas no bloom occurred in the Ctrl. Although NO 3 -was clearly important to fueling the Phaeocystis pouchetii bloom, NH 4 + was the predominant form of N used by both phytoplankton and bacteria. Nitrate and urea each contributed roughly 20% to phytoplankton N uptake in both mesocosms. Amino acids, however, were a negligible N source to phytoplankton, but comprised 11% of total bacterial N uptake. Overall, bacteria contributed significantly to total N uptake in the Ctrl, and although phytoplankton N uptake dominated that of bacteria in the N+P, N metabolism of these 2 groups was closely coupled.
Results from the Ctrl indicate that bacteria were able to compete effectively with phytoplankton for limited N resources. In the N+P, on the other hand, Phaeocystis pouchetii was able to exploit new N (i.e. added NO 3 -), rapidly form a colonial bloom, and then switch to regenerated N forms to sustain high biomass. Although previous studies of phytoplankton and bacterial N uptake have been hampered by methodological obstacles, the use of flow cytometric sorting of autotrophs in this study demonstrated how bacterial retention can lead to significant overestimation of phytoplankton N uptake in the > 0.8 μm fraction, and underestimation of bacterial uptake in the 0.2-0.8 μm fraction. The environmental conditions leading to the development of colonial Phaeocystis blooms versus diatom-or bacteria-dominated communities are undoubtedly complex, but accurate quantification of the N utilization patterns of these plankton groups will help clarify their ecological interactions. 
